Introduction NAD kinase phosphorylates NAD(H) to form NADP(H), using ATP as a phosphoryl donor (Fig. 1) . This is the only pathway for the de novo NADP þ / NADPH biosynthesis, thus has an important function in supplying NADP þ /NADPH and regulating the level of NAD(H)/NADP(H). As NADP(H) is the crucial coenzyme for many cellular processes in living organisms, such as NADPH-dependent reductive anabolic pathways, signal transduction, and anti-oxidative defense system, NAD kinase may be critical for the normal cellular functions. Several studies have indicated that NAD kinase is essential for the survival of certain organisms, such as Mycobacterium tuberculosis [1] , Bacillus subtilis [2] , Escherichia coli [3] , and Salmonella enterica [4] . Homolog genes of NAD kinase can be found in all the sequenced genomes of living organisms, including prokaryotes and eukaryotes, with the exception of the intracellular parasite Chlamydia trachomatis [4] . In most organisms, there is only one NAD kinase, but in some organisms several NAD kinase isozymes may exist. For example, two NAD kinases, NadF and NadG, were found in Salmonella typhimurium [5] ; two NAD kinases isozymes with distinctive catalytic mechanisms and K m values were presented in Euglena gracilis [6] . There are three NAD kinases in yeast Saccharomyces cerevisiae, with Pos5p in mitochondrial matrix, and Utr1p and Yef1p in cytoplasm [7, 8] . These three NAD kinase isozymes have different functions due to particular subcellular locations, with some functions weakly rescued by their isozymes [8, 9] . Three NAD kinases, NADK1, NADK2, and NADK3, were also found in Arabidopsis thaliana. NADK1 is calmodulin (CaM) independent, and NADK2 is able to bind Ca 2þ /CaM, which seems to be plant specific [10, 11] . In yeast Schizosaccharomyces pombe, four NAD kinase homolog genes were presented [12] .
NAD kinase was first discovered by Kornberg from S. cerevisiae in 1950 [13] , whereas the gene encoding the NAD kinase was identified by Kawai in Micrococcus flavus and M. tuberculosis H37Rv in 2000 [14] . Since then, detailed properties of NAD kinases and their genes have been studied. Although the physiologic functions, influence pathways, and regulatory mechanisms of NAD kinases have not been clearly elucidated, some of their characteristics, functions, and potential applications have been revealed. Recently, two reviews on the structure and function of NAD kinases have been published [12, 15] . This review will focus on the molecular properties, functions, and potential applications of NAD kinases. enzymatic properties of NAD kinases from several organisms have been studied in the past decade. This includes the study of in vitro catalytic properties of natural or recombinant enzymes, such as their substrate specificity and modulators, and their structural properties, especially the active center structure and molecular conformation.
Catalytic properties

Substrate specificity
Although it has been proved that NAD kinases from all living organisms are highly conserved, differences in the enzymatic properties from various organisms may exist. One of the critical differences is the substrate specificity, including the phosphoryl donor and phosphoryl acceptor. For example, ATP-NAD kinase utilizes ATP as the sole phosphoryl donor for NAD(H) phosphorylation; NTP-NAD kinase uses ATP as well as some other nucleoside triphosphates such as GTP, CTP, UTP, and ITP; poly(P)/NTP-NAD kinase utilizes NTP as well as inorganic polyphosphates [ poly(P)]. NAD þ kinase (EC 2.7.1.23) only phosphorylates NAD þ to form NADP þ ; NADH kinase (EC 2.7.1.86) phosphorylates both NAD þ and NADH to form NADP þ and NADPH.
The occurrence of poly(P)-dependent NAD kinase activity in some bacteria, especially in genera of Micrococcus and Brevibacterium, was first discovered by Murata et al. [16] . NAD kinases from Gram-positive bacteria (e.g. M. flavus, M. tuberculosis [14] and B. subtilis [17] ) and hyperthermophilic archaea (e.g. Methanococcus jannaschii [18] and Pyrococcus horikoshii [19] ) are poly(P)/NTP-NAD kinases; NAD kinases from Gram-negative bacteria (e.g. E. coli [20] and Sphingomonas sp. A1 [21] ) and single-cellular eukaryotes (e.g. S. cerevisiae [8, 22, 23] and E. gracilis [6] ) are NTP-NAD kinases; human NAD kinase is ATP-NAD kinase [24] . These results indicate that the phosphoryl donor specificity of NAD kinases depends on organisms [12] and may reflect organism's phylogeny.
Poly(P) is a polymer of inorganic orthophosphate residues linked by phosphoanhydride bonds that are energetically equivalent to that of ATP [25] . It exists in nearly all classes of living organisms and is proposed to be a primitive energy source that functions as an ATP substitute. Because poly(P) is a much less expensive phosphoryl donor than ATP or any other triphosphonucleotide, Poly(P)/NTP-NAD kinase should have potential application values. In fact, Poly(P)/NTP-NAD kinases from mesophiles have already been used for the industrial production of NADP(H) from NAD(H) to decrease the producing cost of this diagnostic reagent [26] . Since thermo-stable poly(P)-dependent NAD kinase is more useful for enzymatic NADP(H) production, the hyperthermophilic archaea NAD kinases would have a higher application potential [19] .
According to the phosphoryl acceptor of NAD kinases, some studies reported that NAD kinases from Gram-negative bacteria (e.g. E. coli and Sphingomonas sp. A1) could only phosphorylate NAD þ , whereas NAD kinases from Gram-positive bacteria (e.g. M. flavus and M. tuberculosis) and three NAD kinases of eukaryotic S. cerevisiae used NAD þ and NADH as phosphoryl acceptor [21, 27] , indicating that the phosphoryl acceptor specificity of NAD kinases may also depend on the organisms [12] .
In vitro allosteric regulation mode and regulators Besides the remarkable differences in substrate specificity, obvious diversities in regulatory mode also exist among NAD kinases from different sources. The initial purpose of the study on NAD kinase was to understand its regulatory properties, and speculate its influence on NAD(H)/NADP(H) metabolic flux. Such studies showed that purified NAD kinases from some organisms were indeed regulated in vitro by effectors such as NAD(H) or NADP(H), but difference in the regulatory mode existed. In Gram-negative bacteria, NADH and NADPH are potent allosteric negative modulators of NAD kinases in both E. coli [28] and S. enterica [4] , whereas NADP þ and NADPH are negative modulators of NAD kinase in Sphingomonas sp. A1 [21] . In Gram-positive bacteria, the activity of NAD kinases from both Bacillus Fig. 1 Reaction catalyzed by NAD kinase [7] NAD kinase catalyzes the phosphorylation of NAD(H) to form NADP(H), using ATP as phosphoryl donor. Here only the oxidized form of NAD(P) þ is shown.
licheniformis [29] and B. subtilis [17] is inhibited intensively by NADP þ ; the activity of NAD kinase from M.
tuberculosis is also repressed greatly by NADP þ [30] , but that from both M. tuberculosis H37Rv and M. flavus is inhibited by low concentration of NADPH [14] . For the three NAD kinases of eukaryotic S. cerevisiae, Utr1p is inhibited by NADP þ , NADH, and most strongly by NADPH [22] ; Yef1p is weakly inhibited by NADH and NADPH [8] . The precursors of NAD þ biosynthesis, such as quinolinate and nicotinic acid, do not influence NAD kinase activity in general. But NadG, one of the NAD kinases of S. typhimurium, is inhibited by quinolinate [5] , whereas B. subtilis NAD kinase is activated by quinolinate [17] .
As in vitro regulatory patterns of NAD kinases differ distinctively among microbes, the control of enzymatic activity, particularly through allosteric regulation, as well as the regulatory mechanism of NAD kinase to the NAD(H)/NADP(H) metabolic flux has not been elucidated. The growing environment and physiologic status of different organisms, as well as the consequent cellular form and level of cofactors, may also lead to the divergence of regulatory mode of NAD kinases, especially when several NAD kinase isozymes are presented.
Different from bacterial NAD kinases, some of the higher plant NAD kinases are regulated by CaM, thus for a long time there has been considerable interest in the regulatory effect of Ca 2þ /CaM on NAD kinase. However, recombinant NAD kinases expressed in E. coli are Ca 2þ /CaM independent. For example, recombinant A. thaliana NAD kinases (NADK1, NADK2, and NADK3) could not be activated by Ca 2þ /CaM, even though recombinant NADK2 with a Ca 2þ -dependent CaM-binding motif in its N-terminal was able to bind CaM [10, 11] . These differences might be due to the properties of the host expression system [12] .
Structural properties
NAD kinases of different organisms show sequence similarity. For example, the identity of E. coli NAD kinase with that of S. enterica is 96%, but with that of M. tuberculosis is 32%, and with Pos5p of S. cerevisiae is 33%. All characterized NAD kinases show homooligomer structures, but the molecular size and number of subunit show some differences. The molecular size of subunit from prokaryotes was approximately 30-35 kDa, e.g. 30 kDa hexamer from E. coli [20] , 32 kDa dimmer from Sphingomonas sp. A1 [21] , 33-35 kDa tetramer or dimer from M. tuberculosis [14, 30, 31] , 34 kDa dimmer from M. flavus [14] , and 37 kDa tetramer from archaeon P. horikoshii [19] . The molecular size of subunit from eukaryotes varied widely, e.g. 60 kDa octamer of Yef1p and 60 kDa hexamer of Utr1p from S. cerevisiae [8, 22] , 32 kDa octamer from Candida utilis [32] , 34 kDa octamer from pigeon liver [33] , and 49 kDa tetramer from human [24] . However, the molecular size of subunit from the archaeon M. jannaschii was much larger as 64 kDa, since two distinguishable regions of NAD kinase and NADP phosphatase existed [18] , and the sequence showed a low level of identity to those of E. coli (31%) and of M. tuberculosis (29%) [18] . The oligomeric assembly of NAD kinases may be due to their catalytic mechanism.
To realize the reasons for the differences of catalytic properties, conserved sequences and active center residues of some NAD kinases were analyzed recently [34] . There are three conserved sequences in the primary structure of NAD kinases, that is, the GGDG motif, NE/ D short motif, and conserved domain II rich in glycines (Fig. 2) , all of which are responsible for substrate binding and activation. The study by Labesse et al. [35] indicated that NAD kinase belonged to a new superfamily of kinases, which included 6-phosphofructokinases (PFKs), diacylglyceride kinases, and sphingosine kinases. These enzymes had a common fold and a conserved GGDGT motif, and also a common strategy for catalysis. However, the study by Poncet-Montange et al. [36] on Listeria monocytogenes NAD kinase showed that NAD kinase (LmNADK1) and PFKs used the central Asp of DDGDT motif differently. While Asp residue chelated the catalytic Mg 2þ in PFKs to activate ATP, it absorbed the 2 0 -hydroxyl proton of adenosine ribose of NAD þ in LmNADK to activate NAD þ .
For the two subsets of NADH and NAD þ kinases, the study of primary and tertiary structures demonstrated that phosphor acceptor specificity was determined by the second amino acid residue in the N-terminal upstream of the conserved domain II (Fig. 2) . Charged or hydrophobic amino acid residues in the corresponding position gave the stringent substrate specificity of NAD þ kinases to NAD þ , whereas polar amino acid or Gly residue in the corresponding position was a prerequisite for the expression of NADH kinase activity [27] . In recent years, molecular conformation of NAD kinases has been studied in order to understand their catalytic mechanisms. Studies showed that each subunit of M. tuberculosis NAD kinase consisted of an N-terminal a/b domain and a C-terminal 12-stranded b sandwich domain, connected by swapped b strands [31] . A flexible loop in its active center was involved in the intersubunit contact and probably related to the NAD þ binding of the other subunit [37] . Intersubunit contact was significant in creating substrate binding sites and expressing NAD þ -and NADH-kinase activities [12] . NAD kinase of hyperthermophilic eubacterium Thermotoga maritime was also folded into two distinct domains: the N-terminal a/b domain and the unique middle b-sandwich architecture [38] . For the NAD kinase of hyperthermophilic archaeon Archaeoglobus fulgidus, the AMP portion of substrate ATP molecule used the same binding site as the nicotinamide ribose portion of product NADP þ , i.e. Tyr158 of domain II, whereas the conserved GGDG loop formed hydrogen bonds with the pyrophosphate group of ATP and the 2 0 phosphate group of NADP þ [39] . The Asp residue of GGDG motif in LmNADK1 activated the phosphor acceptor NAD þ and then made it accept the terminal phosphate residue of Mg 2þ -ATP to form NADP þ [36] . Three-dimensional structure of NAD kinases also showed that they are homooligomers. 
Roles of NAD Kinases in NAD(H)/ NADP(H) Metabolism
As the most important coenzymes in living organisms, NAD(H) and NADP(H) participate in more than 300 different oxidative-reductive reactions [40] , their importance in substance metabolism and energy metabolism has long been known. NAD(H) is primarily involved in oxidative catabolic reactions, whereas NADP(H) participates in reductive anabolic reactions. Many studies have also proved their roles in a plethora of different biochemical processes. NAD participates in ADP-ribosylation of proteins, which is further involved in the regulation of several processes such as DNA repair [41] , as well as in the synthesis of B12 [42] and deacetylation of protein [43] . However, NADP participates in defense against oxidative stress [44] , and is a substrate for the synthesis of nicotinic acid adenine dinucleotide phosphate which is a potent intracellular Ca 2þ -mobilizing messenger. Owing to these significant and distinguishable function of NAD(H) and NADP(H), their metabolism and intracellular balance must be tightly regulated.
NAD kinase is a critical enzyme for the regulation of NAD(H) and NADP(H) balance (Fig. 3) . It creates the only obligate route for the de novo biosynthesis of NADP(H) in all living organisms. As many NAD kinases are allosteric enzymes, the NAD(H) and NADP(H) balance might be directly regulated by NAD kinase. Although the mechanisms regulating NAD(H)/ NADP(H) metabolic flux are not fully elucidated, the significance of NAD kinase has been well accepted, especially the central role of NAD kinase in NADPH supplying network.
Central role of NAD kinase in NADPH supply network
The supply of NADPH in living systems can be fulfilled through several one-step enzymatic reactions (Fig. 3) . The first reaction is catalyzed by NADP þ -dependent dehydrogenases, such as isocitrate dehydrogenase (ICDH), glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), malate enzyme, and glutamate dehydrogenase (GDH) [45, 46] . The second reaction is catalyzed by pyridine nucleotide transhydrogenase that transfers a hydride from NADH to NADP þ with the concurrent production of NADPH, powered by the proton motive force [47] . The third reaction is mediated by NADH kinase which directly phosphorylates NADH to form NADPH [48] . Influenced by the intracellular coenzyme levels, quick supply of NADPH is usually ensured by the cooperation of NAD kinase and NADP þ -dependent dehydrogenase (e.g. pentose phosphate enzyme systems), such as in the ocular lens [49] . However, continuous supply of NADPH depends on the cyclic metabolic networks. Recently, studies on the survival strategies of Pseudomonas fluorescens in oxidative environment proved that NAD kinase was requisite for the controlling of NAD(H)/NADP(H) balance, especially the sufficient supply of NADPH, to adapt to environmental variance [50] [51] [52] , suggesting the critical role of NAD kinase on adjusting NAD(H)/ NADP(H) coenzyme in the metabolic networks.
For example, when P. fluorescens was exposed to oxidative stress triggered by menadione insult, some enzymes involved in disparate metabolic modules could converge to create a metabolic network in order to convert NADH into NADPH. At the same time, NAD kinase (NADK), malic enzyme (ME), together with pyruvate carboxylase (PC) of gluconeogenesis, and malate dehydrogenase (MDH) of tricarboxylic acid cycle were upregulated, ensuring the cyclic supplying of NADPH from NADH. Meanwhile, the phosphoenolpyruvate carboxykinase (PEPCK) was downregulated, but the pyruvate kinase (PK) was upregulated and its activity was enhanced. The regulations on PEPCK and PK could prevent pyruvate and oxaloacetate from fluxing into gluconeogenesis pathway, and enhance the acceleration of oxaloacetate which could contribute to NADH oxidation. Further more, the enhanced activity of isocitrate lyase (ICL) and malate synthase (MS) of glyoxylate cycle could promote the supplying of malate, which in turn could contribute to NADP þ reduction. All these regulation can result in effective synthesis of NADPH [50] (Fig. 4) .
Role of NAD kinases and NADP phosphatases in the conversion of NADP(H) to NAD(H) Different from NAD(H) phosphorylation, the reverse process of NADP(H) dephosphorylation has not been well studied, although it might influence the NAD(H)/ NADP(H) metabolism and balance. Recently, NADP phosphatase has been found in several organisms. For example, in the hyperthermophilic archaeon M. jannaschii, MJ0917 has activities of both NAD kinase and NADP phosphatase, it could supply NADP þ and also prevent excess accumulation of NADP þ [18] . Another inositol monophosphatase MJ0109 also has NADP phosphatase activity [53] . AF2372 from the hyperthermophilic archaeon Archaeoglobus fulgidus has NADP phosphatase activity in addition to fructose-1,6-bisphosphatase activity [53] . In eubacterium E. coli, the 3 0 -phosphoadenosine 5 0 -phosphate phosphatase (CysQ) exhibits NADP phosphatase activity in vitro, but not in vivo [53] .
Although NAD kinase has a central role in the NAD(H)/NADP(H) metabolic network, especially in the one-step and cyclic supplying of NADPH, its regulatory mechanism has not been well elucidated. Because of the diversity and complexity of NAD(H)/NADP(H) metabolic pathways, NAD kinase would exhibit pleiotropic regulation for a number of reactions and pathways through controlling of NAD(H)/NADP(H) conversion. Studies on the cofactor engineering have proved that metabolic flux can be effectively regulated through controlling of key cofactors. For example, shifting from homolactic to mixed-acid fermentation in Lactococcus lactis could be modulated by the decrease of NADH/ NAD þ ratios under aerobic conditions [54] . However, the application of NAD kinase in cofactor engineering has not been reported.
Roles of NAD Kinase in Anti-Oxidative System
Based on the elucidation of gene or genomic information in numerous living organisms, the anti-oxidative function of NAD kinase has been proved. For example, in S. enterica [4] and in the mitochondria of S. cerevisiae [7, 8, 23, 55] , NAD kinase plays a major role in protecting living cells against oxidative stress. In human cells and in rats, NAD kinase controls NADPH concentration, which in turn influences the cellular anti-oxidative defense function [56, 57] .
NADPH is vital in intracellular anti-oxidative defense system for most organisms, and its central role in the resistance of oxidative stress has been proved [51] . NADPH can provide electrons for reductive repairing and deoxyribose synthesis. It is also a universal cofactor for numerous enzymes participating in detoxification reactions, including glutathione reductase [58] , thioredoxin reductase and cytochrome P 450 reductase. These enzymes promote anti-oxidants, such as glutathione to be at active reducing form, thus ensure the activity of glutathione peroxidase. Too much NADH can lead to the release of Fe 2þ to accumulate reactive oxygen Fig. 4 A novel anti-oxidative defense strategies for converting NADH into NADPH in P. fluorescens (modified from Singh et al.
)
MDH, malate dehydrogenase; NADK, NAD kinase; ME, malic enzyme; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; PK, pyruvate kinase; ICL, isocitrate lyase; MS, malate synthase. species by respiratory chain or oxidases, suggesting NADH could be a pro-oxidant [5, 59] .
Living systems have evolved numerous one-step strategies for the genesis of NADPH (Fig. 3) . However, as these one-step reactions cannot be performed circularly, they are not so effective while operated separately. Thus when cells are exposed to oxidative stress, activities of key enzymes in many metabolic pathways are regulated in order to promote conversion of pro-oxidant NADH into antioxidant NADPH. Through the regulation of these 'housekeeping' metabolic networks, more effective anti-oxidation will be obtained by producing NADPH with concomitant expense of NADH (Fig. 4) . Thus, NAD kinase is required and crucial in either the quick one-step NADPH generator or the more effective cyclic NADPH generator.
Although NADP þ -dependent dehydrogenases can also generate NADPH and may show positive function on anti-oxidation, they depend on a constant supply of substrate and further procession of product, hence may not be fully self-sustaining and cannot constantly supply NADPH. For example, although G6PDH of pentose phosphate pathway also had anti-oxidation function, it was restricted by its substrate glucose-6-phosphate and product 6-phosphogluconate [60] . Although mitochondrial NADP þ -dependent isocitrate dehydrogenase IDPm has an important function in the control of mitochondrial redox balance and cellular defense against oxidative damage [45] , it depends on the support of tricarboxylic acid cycle. Therefore, NAD þ kinase or NADH kinase activity is required for sustaining the NADPH level to regenerate the anti-oxidative system.
Physiological Function of NAD Kinase in Plants
Plant NAD kinases were brought into sight earlier than those of microorganisms mainly because of the possession of both CaM-independent and CaM-regulated NAD kinase isoforms in plants. Whereas in microorganisms and animal cells, NAD kinase activity is not dependent on CaM, except for sea urchin eggs at the moment of fertilization and in activated human neutrophiles [61, 62] . CaM is a major intracellular calcium receptor in both animal and plant cells, it undergoes conformational change upon binding calcium and then interacts with a variety of target enzymes to modulate their activities [63] . For example, the first domain of soybean CaM plays a key role in the differential activation of pea NAD kinase [64] .
CaM-dependent NAD kinase is essential for survival of plant under difficult conditions and for protecting plants against invading pathogens. CaM-dependent NAD kinase could play a metabolic role and participate in Ca 2þ -mediated cellular defense against invading pathogens in plants by helping to provide reductant for the NADPH-dependent oxidative burst [65] . Increasing levels of NAD synthetase and NAD kinase of rice through dihydroflavonol-4 reductase could result in the increased level of NADP(H), conferring the prevention of induced cell death in plants caused by hydrogen peroxide and bacterial disease [66] . As green beans were subject to coldshock, Ca 2þ /CaM-dependent NAD kinase activity was increased, which is closely related with proline metabolism, indicating their importance in cold acclimation of green bean plants [67] .
In the chloroplast of plants, NAD kinase plays a vital role in energy transduction [11, 68] . For example, one of the three NAD kinase isozymes of A. thaliana, NADK2, was a chloroplast NAD kinase that can bind Ca 2þ /CaM [10] . The NADK2 deletion mutant displayed hypersensitivity to environmental stresses provoking oxidative stress, such as UVB, drought, heat shock, and salinity, its chlorophyll content was also reduced, indicating that NADK2 may play a vital role in chlorophyll synthesis and chloroplast protection against oxidative damage [11] . Chloroplast NAD kinase was also essential for energy transduction through the xanthophyll cycle in photosynthesis [68] . The NADK1-deficient mutant exhibited sensitivity to g-irradiation and paraquat-induced oxidative stress, indicating that NADK1 also has an important role in protecting plants against oxidative stress [69] .
Therefore, NAD kinase of higher plants, especially CaM-regulated NAD kinase, may provide a novel strategy for the construction of stress resistant plants or highproducing plants.
Potential Application of NAD Kinase in the Designing of Novel Antibacterial Drug
As a crucial enzyme, the essentiality of NAD kinase has been demonstrated in several microorganisms, such as B. subtilis [2] , M. tuberculosis [1] , E. coli [3] , S. enterica [4] , Streptococcus pneumoniae [70] , Staphylococcus aureus [71] , Pseudomonas aeruginosa [36] , and S. cerevisiae [7] . Differences in catalytic properties and molecular structure also exist between microbial and human NAD kinases, such as phosphoryl donor specificity and molecular size of subunit. In addition, exogenous oxidative stress would induce the level of NAD kinase in P. fluorescens and S. cerevisiae, but not in human, indicating that the modulation mechanism of human NAD kinase is different from that of microorganism [56] .
As NAD kinase is an essential enzyme in bacteria and shows significant functional diversity with its human counterpart, it can be regarded as an attractive target for the development of selective antibacterial drugs [15] . Several years ago, Gerdes et al. [72] proposed NAD kinase as an interesting target for novel antibacterial drugs. Raffaelli et al. [30, 31] studied on M. tuberculosis NAD kinase, including its catalytic property and stereo structure, and attempted to design an effective enzyme inhibitor that could be used as a novel anti-tubercular drug for the treatment of re-emerging tuberculosis. Bonnac et al. [73] have synthesized several novel analogs of NAD þ , that is, the C2' hydroxyl group of the adenosine ribose replaced by fluorine in the ribo configuration giving compound 1, in the arabino configuration giving compound 2, the C2' hydroxyl group inverted into arabino configuration giving compound 3, and an uncharged benzamide adenine dinucleotide (BAD) (Fig. 5) , and then measured their NAD kinase inhibitory activities. Compounds 1 and 2 could inhibit human NAD kinase, whereas compound 3 could inhibit both the human and M. tuberculosis NAD kinase, and BAD was the most potent competitive inhibitor of the human NAD kinase [73] . The crystal structural study of L. monocytogenes NAD kinase (LmNADK1) in complex with its substrate, product, or synthesized substrate analog (Fig. 5) indicated that di-adenosine diphosphate was a new substrate for LmNADK1, while di-(5'-thio-adenosine) (DTA) was a novel non-natural inhibitor for LmNADK1. Diphosphate group of the substrate played the role as a dication chelator, revealing a mechanism involving substrate-assisted catalysis. [36] .
However, up to date, no effective inhibitors have been developed that only suppress bacterial and fungi NAD kinases but not humans. Detailed studies should be performed further to reveal the interactions of NAD kinase with NAD þ and ATP as its substrate, and with other ligands as its potential inhibitors. Such studies would provide useful information for designing selective inhibitors that target at microbe's NAD kinase. This would be helpful for exploiting novel antimicrobial drugs.
Perspective
Although more studies on NAD kinases need to be done, their important properties, physiologic functions, and potential applications have been exhibited, which opens a wide field in the basic and applied studies. Further studies would not only improve our comprehension on the basic knowledge of substance metabolism, energy metabolism, metabolic regulation, and signal transduction of living organisms, but also provide new techniques in the development and application of antioxidative strategy, in the construction of stress resistant plants or high-producing plants, and in the development of novel anti-bacterial drugs. 
